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Soil Heat Flux Plates
Abstract
Persistent concern regarding surface energy balance closure encourages increased scrutiny of potential sources
of error. Laboratory and field experiments addressed heat flow distortion and thermal contact resistance
errors during measurement of soil heat flux (G) using the flux plate technique. Steady-state, one-dimensional
heat flow experiments determined flux plate thermal conductivities (λm) and measured the effect of air gaps
and thermal heat sink coatings on plate performance. Use of measured instead of manufacturer-specified λm
and plate dimensions in a heat flow distortion correction improved the consistency but not the average
disagreement between imposed sand G and corrected plate heat flux density (G m). Consistent
underestimates of G in dry sand by 20 to 25% after heat flow distortion correction was attributed to thermal
contact resistance effects. A convex air gap 0.1 to 1.32 mm thick across 5.9% of the plate face area reduced G m
by up to 9.7%. A thin layer of a thermal heat sink compound with λ 0.18 W m−1 K−1 greater than the plate λm
(1.0 W m−1 K−1) did not increase G m in a clay soil but increased G m by ∼6% in quartz sand. A 6.5% increase
in G mwas also observed for plates treated with the same heat sink compound in a silt loam soil under field
conditions. Thermal contact resistance errors are probably G m may occur due to thermal contact resistance in
dry sand and due to heat flow distortion when soil λ >> λm.
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Soil Heat Flux Plates: Heat Flow Distortion and Thermal Contact Resistance1
Thomas J. Sauer,* Tyson E. Ochsner, and Robert Horton
ABSTRACT
Persistent concern regarding surface energy balance closure en-
courages increased scrutiny of potential sources of error. Laboratory
and field experiments addressed heat flow distortion and thermal
contact resistance errors during measurement of soil heat flux (G)
using the flux plate technique. Steady-state, one-dimensional heat flow
experiments determined flux plate thermal conductivities (lm) and
measured the effect of air gaps and thermal heat sink coatings on plate
performance. Use of measured instead of manufacturer-specified lm
and plate dimensions in a heat flow distortion correction improved the
consistency but not the average disagreement between imposed sand
G and corrected plate heat flux density (Gm). Consistent underesti-
mates of G in dry sand by 20 to 25% after heat flow distortion correc-
tion was attributed to thermal contact resistance effects. A convex air
gap 0.1 to 1.32 mm thick across 5.9% of the plate face area reducedGm
by up to 9.7%. A thin layer of a thermal heat sink compound with l
0.18 W m21 K21 greater than the plate lm (1.0 W m
21 K21) did not
increase Gm in a clay soil but increased Gm by |6% in quartz sand. A
6.5% increase in Gm was also observed for plates treated with the
same heat sink compound in a silt loam soil under field conditions.
Thermal contact resistance errors are probably,10% inmoist, medium-
textured soils and can be minimized by careful plate installation.
Relatively greater errors in Gm may occur due to thermal contact re-
sistance in dry sand and due to heat flow distortion when soil l .. lm.
SOIL plays an integral role in affecting crop canopymicroclimate and the surface energy balance. Prop-
erties of the surface soil layer affect the partitioning
of incident radiation and the amount of energy used to
evaporate water, warm the air in and above the plant
canopy, and warm the soil. The magnitude of the soil
heat flux density (G) as a component of the surface
energy balance varies with soil properties (texture, den-
sity, water content, color, andmineralogy), surface cover,
and solar irradiance. Most recent studies have used sen-
sors composed of a thermopile encapsulated in a thin
disk, called a heat flux plate or heat flow transducer, to
measure G (Sauer, 2002). The popularity of this method
is due to its simplicity; however, several potentially sig-
nificant errors may occur when using soil heat flux plates
in the field. These include heat flow distortion and ther-
mal contact resistance (Philip 1961; Fuchs and Hadas,
1973; Mayocchi and Bristow, 1995).
Heat flow distortion occurs near flux plates because
soil thermal conductivity (l) varies with static (particle
size and mineralogy) and dynamic (density and water
content) soil properties while the plates are constructed
of materials with a l that can be considered constant
across typical environmental temperature ranges. Philip
(1961) developed a method to correct the plate G (Gm)
for heat flow distortion based on plate dimensions, l,
and the plate thermal conductivity (lm). Mogensen
(1970) presented a generalized form of Philip’s equation
to describe the ratio between heat flow through the plate
to heat flow in the surrounding soil:
Gm/G 5 1/[1 2 ar(1 2 l/lm)] [1]
where a is an empirical factor related to plate shape and
r is a dimensionless factor equal to the plate thickness
divided by the square root of the area of the plate facing
heat flow. In laboratory and field experiments, Sauer
et al. (2003) found that Eq. [1] often improved plate
estimates of G, especially when l . lm, but G was still
often underestimated. They concluded that uncertainty
in lm along with other sources of error not accounted
for in the Philip correction, including thermal contact
resistance, might have limited the effectiveness of the
correction. Although Philip’s correction did not consider
thermal contact resistance, he recognized that it could
lead to “serious errors” in flux plate measurements.
Thermal contact resistance is the resistance to heat
transfer at an interface due to poor physical contact be-
tween adjoining objects of differing shapes or roughness.
Philip (1961) estimated that flux plates having an air gap
on both plate faces equal to 5% of the plate thickness
would cause G underestimates of up to 54%. Fuchs and
Hadas (1973) conducted laboratory and field experi-
ments with an Al and glass flux plate and a resin heat
flow disk (610, C.W. Thornthwaite Assoc., Pittsgrove,
NJ) using several soils with l from 0.28 to 0.89 W m21
K21. Estimates of G with the Al and glass flux plate
(lm5 1.03Wm
21 K21) were within 7% of the knownG.
The 610 disc (lm 5 0.33 W m
21 K21), however, pro-
duced an average G that was 35% less than the known
value. Fuchs and Hadas (1973) estimated the thermal
contact resistance for both types of plate from the differ-
ence between measured and theoretical G. Like Philip
(1961), Fuchs and Hadas (1973) expressed the contact
resistance as an equivalent air gap thickness, which
ranged between 5 and 14% of the Al and glass plate
thickness (0.127–0.379 mm) and between 18 and 22% of
the 610 heat flow disk thickness (0.527–0.648 mm).
Persistent concern regarding surface energy balance
closure (Twine et al., 2000; Wilson et al., 2002) encour-
ages increased scrutiny of potential sources of errors.
Previously, Sauer et al. (2003) evaluated the Philip (1961)
correction for heat flow distortion errors and found that
uncertainty in lm may contribute to its ineffectiveness.
T.J. Sauer, USDA-ARS, National Soil Tilth Lab., 2150 Pammel Dr.,
Ames, IA 50011-3120; T.E. Ochsner, USDA-ARS, Soil and Water
Management Research Unit, St. Paul, MN 55108; and R. Horton,
Dep. of Agronomy, Iowa State Univ., Ames, IA 50011. Names are
necessary to report factually on available data; however, the USDA
neither guarantees nor warrants the standard of the product, and the
use of the name by USDA implies no approval of the product to the
exclusion of others that may also be suitable. Received 2 Feb. 2006.
*Corresponding author (sauer@nstl.gov).
Published in Agron. J. 99:304–310 (2007).
Special Submissions
doi:10.2134/agronj2005.0038s
ª American Society of Agronomy
677 S. Segoe Rd., Madison, WI 53711 USA
R
e
p
ro
d
u
c
e
d
fr
o
m
A
g
ro
n
o
m
y
J
o
u
rn
a
l.
P
u
b
lis
h
e
d
b
y
A
m
e
ri
c
a
n
S
o
c
ie
ty
o
f
A
g
ro
n
o
m
y
.
A
ll
c
o
p
y
ri
g
h
ts
re
s
e
rv
e
d
.
304
The first component of this study involved measuring lm
for four flux plate designs and comparing Philip correc-
tions using measured and manufacturer lm values. The
second component of this study involved laboratory and
field experiments to quantify thermal contact resistance
errors and to evaluate a technique for its reduction.
MATERIALS AND METHODS
Laboratory Experiments
Laboratory measurements were completed using the same
approach as reported in Sauer et al. (2003). A heat flow ap-
paratus consisting of a 510 by 457 by 89 mm (length by width
by height) cavity with 102-mm-thick polystyrene insulation
surrounded by 19-mm-thick plywood was used to complete
one-dimensional heat flow experiments (Fig. 1). An anodized
Al plate under the cavity had heater windings through which
current was passed to develop a uniform plate temperature
and the desired temperature gradient through the medium
filling the cavity. An anodized Al heat sink plate on top of the
cavity had cooling fins attached to promote heat dissipation.
Both source and sink plates had five chromel–constantan
thermocouples to monitor plate temperature.
Dry sand or dry clay soil was placed in the cavity along with
heat flux plates and thermocouples in various arrangements.
The sand used was a quartz sand composed of 20.5, 68.9, 10.2,
and 0.4% coarse, medium, fine, and very fine sand (USDA
classification system). The dry sand had a volumetric water
content (u) of 0.0003 and a bulk density after packing of
1.75 Mg m23. The soil used was from a field site near Ames,
IA, and was mapped as a Canisteo series (fine-loamy, mixed,
superactive, calcareous, mesic Typic Endoaquoll). The soil
contained 32% sand, 25% silt, and 43% clay, which is a clay by
the USDA classification system. The clay soil had been ground
and passed through a 2-mm screen, had a u of 0.05, and a bulk
density after packing of 1.39 Mg m23. At the beginning of an
experiment, sand or soil was added to the cavity in thin layers
and packed in place by tapping the side of the box. Flux plates
were placed in the medium when the midpoint level was
reached, after which medium was added as before until the
cavity was filled.
Thermocouples (0.254-mm-diam. Cu–constantan) were
placed in the center of the cavity 1.5, 3, 4.5, 6, and 7.5 cm
above the source plate to measure the temperature profile
within the medium. Thermal conductivities of the sand and
clay soil were determined using Fourier’s Law:
G 5 2l dT/dz [2]
where dT/dz is the average temperature gradient (K m21)
across the medium as measured by the source and sink plate
temperatures and G is calculated from the energy input to the
source plate. Measured values of l for all runs were 0.316 0.01
and 0.26 6 0.01 W m21 K21 (means 6 SD) for the dry quartz
sand and clay soil, respectively. All flux plate and thermocou-
ple signals were recorded at 1-min intervals using a data logger
(CR7, Campbell Scientific, Logan, UT). Hourly averages of
the raw data were computed and stored for analysis.
The first experiment involved measurement of lm for four
flux plate designs. The four plates evaluated were the CN3
(Carter-Scott Manufacturing Pty. Ltd., Brunswick, Victoria,
Australia), GHT-1C (International Thermal Instrument Co.,
Del Mar, CA), HFT1.1 (Radiation and Energy Balance Sys-
tems, Seattle, WA), and the 610 (C.W. Thornthwaite Assoc.).
Table 1 lists the dimensions and lm supplied by the manu-
facturer for each plate. For comparison, plate thickness (at five
locations) and diameter or length of each side were measured
using a micrometer (0.0127-mm precision). Thermocouples
(0.254-mm-diam. Cu–constantan) were cemented to the top
and bottom of three plates of each design with adhesive (380,
Henkel Loctite Corp., Rocky Hill, CT). The plates were placed
in the cavity filled with quartz sand and runs completed at flux
densities of 86 and 172 W m22 for 7 d. Values of lm for each
plate were determined from Eq. [2] using uncorrected individ-
ual plate Gm values and the temperature gradient across the
plate measured by the thermocouples and plate thickness for
dT/dz. Uncorrected Gm values were determined by multiply-
ing the thermopile voltage output by the manufacturer’s cali-
bration coefficient.
The second experiment used nine HFT1.1 plates to deter-
mine the effect of an air gap onGm. Rigid gas permeable (RGP
or “hard”) contact lenses 9.25-mm diameter and 1.5 mm tall
were used to create an air gap of known dimensions on the
plate surfaces. The lenses were composed of 0.28-mm-thick
fluorosilicon acrylate with a l of |0.2 W m21 K21. Three fine
sand grains were cemented under the outer rim of each lens
and the bottom of the sand grains were attached to the flux
plates using Loctite 380 adhesive. The sand grains were used to
limit heat conduction between the rim of the contact lens and
the plate surface. Three plates had a contact lens cemented to
one side of the plate (facing the heat source), three plates had
a contact lens cemented to both sides, and three plates had no
contact lens attached. The plates were placed in both quartz
sand and clay soil in the heat flow apparatus for 7 d at each
flux density of 43, 86, and 172 W m22.
The third experiment used the same nine HFT1.1 plates. In
this instance, the contact lenses were removed and the plates
were coated with a thin layer of a thermal heat sink compound
to determine whether the presence of this thermally conduc-
tive grease on the plate surface would decrease the thermal
contact resistance. The heat sink compound used (10–8132,
Fig. 1. Cross-section of laboratory heat flow chamber.
Table 1. Manufacturer-specified and measured physical characteristics of heat flux plates. Measured values are means 6 SD.
Face area Thickness Thermal conductivity
Plate Manufacturer Measured Manufacturer Measured Manufacturer Measured
mm2 mm W m21 K21
CN3 1392 1411 6 11 7 5.5 6 0.35 0.4 0.60 6 0.14
GHT-1C 2704 2597 6 6 5.7 4.8 6 0.06 0.26 0.63 6 0.10
HFT1.1 1134 1154 6 5 3.9 3.8 6 0.06 1.0 1.26 6 0.12
610 491 507 6 5 2.6 4.0 6 0.06 0.33 0.21 6 0.04
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305SAUER ET AL.: SOIL HEAT FLUX PLATES
GC Thorsen, Rockford, IL) was water soluble with a ZnO
base and a l of 1.18 Wm21 K21. Three plates had the heat sink
compound applied to one side (facing the heat source), three
plates had heat sink compound applied to both sides, and three
plates had no heat sink compound. As in the contact lens ex-
periment, the plates were placed in both quartz sand and clay
soil in the heat flow apparatus for 7 d at each flux density of
43, 86, and 172 W m22.
Field Experiments
A field experiment was conducted at the University of Min-
nesota Rosemount Research Center to assess the effectiveness
of thermal heat sink compounds under field conditions. The
soil at the field site is mapped as a Waukegan silt loam (fine-
silty over sandy or sandy-skeletal, mixed, superactive, mesic
Typic Hapludoll). Six of the same nine HFT1.1 plates used in
the laboratory experiments were used, three plates with heat
sink compound applied to both sides and three plates with no
heat sink compound. In June 2004, the plates were installed in
a strip-till soybean [Glycine max (L.) Merr.] field with a rye
(Secale cereale L.) cover crop. The rye had been shredded and
sprayed with glyphosate [N-(phosphonomethyl)glycine] in
mid-May. The plates were installed at a depth of 4 cm in the
soybean interrow in a transect parallel with the rows. All resi-
due was removed from the surface above the plates. The soil
was excavated to 8 cm and sieved to pass an 8-mm sieve. Four
centimeters of soil was placed back into the trench, the plates
were placed on top, and then the remaining 4 cm of soil was
placed on top of the plates. Plates treated with the same heat
sink compound used in the laboratory experiments (10–8132)
were used from 28 June to 16 July 2004. On 16 July, all plates
were excavated, the heat sink compound was removed from
the treated plates and replaced with a silicone-based heat sink
compound containing Ag with a l of 8.89 W m21 K21 (Arctic
Silver 5, Arctic Silver, Visalia, CA), and the plates reinstalled
as before. Heat flux density was measured every minute, and
the average for the previous 30 min was recorded every 0.5 h.
Data Analysis
For each of the laboratory experiments, data from one con-
tinuous 24-h period after thermal equilibration was reached
(.48 h) were selected for analysis. Confidence intervals (95%)
about the regression slope estimates were used to determine
whether heat flow distortion-corrected Gm values were sig-
nificantly different from the known sandG. Differences among
Gm values for plates with and without air gaps or heat sink
compound were analyzed using one-way ANOVA and Fisher’s
protected LSD (Steel and Torrie, 1980). All statistical analyses
were completed at the P 5 0.05 confidence level.
RESULTS
Measured flux plate face areas were within 64% of
the manufacturer specifications; however, measured plate
thicknesses ranged from 21% less to 54% greater than
the plate specifications (Table 1). Similar discrepancies
were observed for the measured lm, which varied from
36% less to 26% greater than the manufacturer speci-
fications. Only the 610 plates had measured lm less than
the plate specifications. Each of the other plates had
measured lm from 0.2 to 0.26 W m
21 K21 greater than
their specified lm. Themeasured lm values in Table 1 are
the means of the 48 1-h values at the two flux densities in
the quartz sand.
The measured values of plate area and plate thickness
(to determine r) and lm were used with Eq. [1] to com-
pute heat flow distortion corrections to compare with
corrections obtained using the manufacturer specifica-
tions (Fig. 2). An a of 1.7 was used for the CN3 and
GHT-1C plates; an a of 1.92 was used for the HFT1.1
and 610 plates (Philip, 1961). Computed and manufac-
turer-specified heat flow distortion corrections were
evaluated using data from Sauer et al. (2003) for flux
plates in dry and saturated sand. They used the same
apparatus, quartz sand, and fluxes as reported in the
current study. For dry sand, use of measured plate values
resulted in improved corrections only for the 610 plates.
Using manufacturer specifications with the Philip cor-
rection, all plates underestimated G by an average of
23.0% (range 15.2% for the GHT-1C to 37.4% for the
610). Corrected heat flux densities using the measured
plate dimensions and lm also underestimated the sand
G, averaging 23.4% lower, but were much more consis-
tent, ranging only from 20.9 to 25.7%. By contrast, for
saturated sand (l 5 2.25 W m21 K21), use of the mea-
sured plate dimensions and lm improved corrections for
three out of four plates (GHT-1C, 610, and HFT1.1).
The Gm for the HFT1.1 and 610 plates were the only
cases in either dry or saturated sand where corrected
plate Gm was not significantly different from the sand G
as determined by the 95% confidence interval of the
regression slope estimate. The consistent pattern of cor-
rected plate Gm , sand G for dry sand suggests that
another systematic error equivalent to a 20 to 25% under-
estimate ofG is not accounted for by the Philip correction.
For all flux densities in both quartz sand and clay soil,
an air gap created by a contact lens on one or both faces
of the HFT1.1 plates significantly decreased the plate
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Fig. 2. Corrected plate heat flux density (Gm) for four plate designs vs.
known heat flux density (G) in dry and saturated quartz sand using
manufacturer-specified and measured plate dimensions and ther-
mal conductivities (lm). Original flux plate data taken from Sauer
et al. (2003).
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Gm compared with control plates without an air gap
(Table 2). In the clay soil, there was no significant dif-
ference in plateGm between plates with a lens on one or
both sides of the plate. For the quartz sand,Gm for plates
with a lens on both sides was significantly lower than for
those with no or one lens. The presence of a contact lens
created a convex air gap of 1.32-mmmaximum thickness
(1.5-mm lens 1 0.1-mm sand grains 2 0.28-mm lens
thickness) to 0.1-mm minimum thickness across an area
equivalent to 5.9% of the flux plate face area (67.2 mm2).
The presence of one lens reduced Gm an average of
8.3 and 9.7% and two lenses reduced Gm an average of
9.5 and 11.7% compared with the control plates in clay
soil and sand, respectively.
Less consistent and smaller differences in Gm were
observed for plates with and without the water-soluble
heat sink compound (Table 2). For the clay soil across all
flux densities, plates with heat sink compound on one
plate face hadGm within 1% of the control plates. Plates
with heat sink compound on both sides had slightly
lower (2.1%)Gm than the control plates. Contrary to the
clay soil results, the expected effect of the heat sink com-
pound was observed for the quartz sand, as the treated
plates had values of Gm that were consistently 6%
greater than the control plates. This result was attributed
to reduced thermal contact resistance induced by the
heat sink compound.
Field data for HFT1.1 plates with and without the
water-soluble heat sink compound showed varying ef-
fects on plate Gm (Fig. 3). The lower graph in Fig. 3
shows the ratio of Gm for plates with and without heat
sink compound for time intervals with |Gm|. 10 W m
22
(selected to avoid imprecision at very small Gm). For
several days after installation on Day 180, the heat sink
compound decreased or had no consistent effect on Gm
(not all data shown). After Day 187, however, plates
with heat sink compound had consistently greater Gm.
This change appears to be linked to the first significant
rain (13.6 mm) on Day 185 and further rain of 9.4 mm on
Days 187 and 188. From Days 186 to 194, plates with the
heat sink compound had Gm that was on average 6.5%
greater than the control plates. There were, however, no
statistically significant differences in daily Gm between
plates with and without heat sink compound. Coating
plates with the high-l Arctic Silver 5 heat sink com-
pound was expected to increase the magnitude ofGm for
treated plates compared with the control plates. Instead,
plates treated with Arctic Silver 5 always had a lower
daily average Gm (Fig. 4). For a similar 10-d interval as
presented for plates with the water-soluble heat sink
compound, plates treated with Arctic Silver 5 had Gm
that averaged 7.6% less than the control plates.
Table 2. Measured plate (Gm) and media (G) heat flux density
from laboratory contact lens and heat sink compound experi-
ments using HFT1.1 flux plates.
Experiment Media G Control Gm
Lens or heat
sink on one
side Gm
Lens or heat
sink on both
sides Gm
W m22
Contact lens—soil 43 39.0a† 35.7b 35.1b
86 84.1a 77.0b 75.9b
172 171.1a 157.5b 155.9b
Contact lens—sand 43 42.8a 38.6b 37.7b
86 85.4a 77.1b 75.4c
172 173.0a 156.7b 153.2c
Heat sink—soil 43 41.1a 41.0b 40.2c
86 83.6a 83.3a 81.6b
172 169.3a 169.6a 166.3b
Heat sink—sand 43 40.5b 43.0a 43.2a
86 83.1b 87.8a 88.3a
172 168.4b 177.7a 178.4a
†Means followed by the same letter within rows were not significantly dif-
ferent as determined by the Fisher’s protected LSD (P 5 0.05).
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DISCUSSION
The significant discrepancies between manufacturer
specifications and actual plate dimensions were unex-
pected. Relaxed tolerances for plate dimensions are
probably acceptable given that plate dimensions are not
critical to plate performance and each plate receives a
unique calibration. Accurate values of the plate dimen-
sions, however, especially plate thickness, are very im-
portant to the Philip correction. Not all manufacturers
measure lm directly; some only provide an estimate of
lm based on the l of the component materials. Again, an
accurate lm is not critical for individual plate perfor-
mance but is essential for accurate application of the
Philip correction.
Use of measured plate parameters in the Philip cor-
rection improved the consistency of the corrected flux
densities, especially in dry sand, but failed to improve all
Gm estimates. For the dry sand runs, all plates had cor-
rected Gm that were 23.4 6 2.5% underestimates of the
sandG. The magnitude and consistency of this G under-
estimate suggests that some mechanism other than heat
flow distortion is limiting heat flow through the plates.
The most likely source of error in this controlled labo-
ratory system with dry sand, where latent heat transfer
does not occur, is thermal contact resistance. For satu-
rated sand, corrected Gm for the HFT1.1 and 610 plates
were not significantly different from the sand G. It is
perhaps serendipity that, as for the dry sand, corrected
Gm for the CN3 and GHT-1C plates underestimated the
sand G by the same amount (23.6 6 2.8%). Under satu-
rated conditions, thermal contact resistance is assumed
>0 (van Haneghem et al., 1983) as water bridges the
particle–plate interface. This would explain the perfor-
mance of the HFT1.1 and 610 plates. Assuming the
contact resistance is 5 0, however, requires that the lm
for the CN3 and GHT-1C plates must be |0.35 W m21
K21 for the corrected Gm to agree with the saturated
sand G. There is, therefore, an unexplained inconsis-
tency in plate performance in the saturated sand. Plate
construction may be a factor as the CN3 and GHT-1C
plates both have metal sheaths while the HFT1.1 and
610 have epoxy resin construction. Fuchs and Hadas
(1973) observed similar differences in performance be-
tween resin and metal-sheathed plates, although it is not
clear how these differences affect plate performance
under saturated conditions.
Uncorrected plate Gm values based on the manufac-
turer’s calibrations were used in determining the plate
lm values. Accuracy of the measured lm values are thus
dependent on the accuracy of the original manufac-
turer’s calibration. There is no standard method for
calibrating soil heat flux plates. For example, plates used
in this study were calibrated sandwiched between metal
plates (GHT-1C), in dry sand (CN3), and in saturated
sand (HFT1.1). The calibrationmethod for the 610 plates
is unknown. It is probable that some thermal contact
resistance and heat flow distortion occurred during cali-
bration and, if so, the plate calibration factors may al-
ready partially compensate for these effects. If sand G
instead of plate Gm were used to calculate lm, values of
lm would increase by an average 0.053 6 0.020 W m
21
K21. Use of these slightly greater lm values increases
disagreement between the corrected Gm and sand G
by |3% with the exception of the 610 plate in saturated
sand, for which the corrected Gm increases by .20%
and is now significantly different than the saturated sand
G. It was concluded that use of the plate Gm values to
determine lm is reasonable and does not change the
conclusions but produces slightly smaller corrections.
The uniform air gap thickness analysis used by Philip
(1961) and Fuchs and Hadas (1973), while useful in il-
lustrating the magnitude of thermal contact resistance, is
not physically realistic in well-structured soils where the
pattern of soil particle-to-plate contact is probably quite
heterogeneous, with air gaps of varying thickness. Parti-
cle and aggregate size distribution, aggregate stability,
bulk density, soil structure, and plate installation proce-
dure may all influence the degree and spatial pattern of
soil particle-to-plate contact. In this study, an air gap on
one side of a flux plate equivalent to 5.9% of the plate
face area and average thickness of |0.6 mm (15.8% of
the plate thickness) reduced total heat flow through the
plate by 8.3 and 9.7% in clay soil and sand, respectively.
Heat flow reduction was, therefore, 40 to 64% greater
than the proportion of the plate face covered by the air
gap. The presence of a second air gap on the opposite
plate face reduced the flux only an additional 1.2% in
the clay soil and 2.0% in the quartz sand. These results
indicate that an air gap on just one plate face effectively
decoupled that portion of the plate from conductive heat
transfer and any localized cooling on the plate surface
was not compensated for by lateral heat conduction.
A thin layer of water-soluble heat sink compound on
one plate face had no significant effect onGm in the clay
soil but had a significant effect (average 5.7% increase)
on Gm in the quartz sand. This result is consistent with
the anticipated lower thermal contact resistance for finer
textured soils. For the clay soil, however, Gm for plates
with the heat sink compound on both plate faces was
slightly (1–3 W m22) lower than for the control and
single-coated-face plates. This suggests that the heat sink
compound failed to enhance heat flow across the soil–
plate interface. For the quartz sand, there was no de-
crease nor a significant increase in Gm with heat sink
compound applied to the second “cold” plate face, sug-
gesting that, while thermal contact resistance was re-
stricting heat conduction to the plate, it did not limit heat
transfer from the plate.
Results from the field experiments with heat sink com-
pounds provide additional insight into their potential
for improving heat flux plate measurement accuracy.
Placing the heat flux plates in dry, disturbed soil with
relatively large aggregates was intended to highlight
the potential benefit of the heat sink compound. After
13.6 mm of rainfall, the water-soluble heat sink com-
pound increased Gm by |6.5%, but this effect began to
decay after an additional 30 mm of rainfall on Day 193.
By the end of the experiment on Day 198, daily average
Gm for the treated plates was steadily decreasing and
was only 3.4% greater than the control plates. This trend
suggests improved thermal contact with the control plates,
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removal of the water-soluble heat sink compound from
the treated plates, or both. Use of the high-l Arctic Sil-
ver 5 heat sink compound was expected to result in op-
timal plate performance for extended periods. Instead,
plates treated with this compound always had lower Gm
than the control plates. A possible explanation is that
the hydrophobic Arctic Silver 5 actually inhibited the
establishment of good thermal contact at the liquid
water–heat sink compound interface and also increased
water flow diversion around the treated plates.
Porous media like soils are relatively poor heat con-
ductors. The limited points of contact between particles
and the thermal contact resistance at these contact points
severely restrict heat conduction. For example, a sandy
loam soil may consist of quartz particles with a l of al-
most 9 W m21 K21 but the effective soil l might range
from ,0.4 W m21 K21 when dry to |2.5 W m21 K21 at
saturation (Campbell, 1985). When a soil is dry, the
pores become filled with air, which has a very low l
(0.025 W m21 K21). With increasing soil water con-
tent, the soil particles are covered with water films of
increasing thickness until, at saturation, all pores are
filled with water. Although water has a much greater l
(0.57 W m21 K21) than air, its l is still much less than
common soil minerals (3–9 W m21 K21). Heat conduc-
tion between soil particles and the flat surface of a flux
plate is similarly limited by the area of the contact points.
The number and total area of contact points increases
with decreasing particle size. The thermal contact resis-
tance at the plate–soil interface is, therefore, expected to
decrease with increasing water content and decreasing
particle size (Fuchs and Hadas, 1973; Hadas, 1974; van
Haneghem et al., 1983).
Particle-to-particle thermal contact resistance has re-
ceived significant attention by engineers studying heat
transfer in fluidized, packed bed systems (Cheng et al.,
1999; Siu and Lee, 2000; Vargas and McCarthy, 2001).
Even in designed systems with known particle dimen-
sions, uniform thermal properties, and controlled flux
densities, however, accurate estimation of thermal con-
tact resistance is still difficult and often involves em-
pirical relationships (Ofuchi and Kunii, 1965; Gloski
et al., 1984). In soils, the circumstances are significantly
more complex, as particle dimensions, arrangement, and
surface roughness are not well known. In addition, in
many medium- and fine-textured agricultural soils, soil
particles exist as components of aggregates whose extent
and properties are dynamic and depend on soil manage-
ment practices. All of these interacting factors make
development of a practical correction for thermal con-
tact resistance effects on soil heat flux plates under field
conditions very challenging.
CONCLUSIONS
The flux plate method is the most popular method for
measuring G even though systematic errors are known
to affect the accuracy of plate measurements. We showed
that measured plate dimensions and lm produced cor-
rections for heat flow distortion that resulted in more
consistent performance of four different plate designs.
Nonetheless, an underestimate of G by .20% in dry
sand persisted. Accurate knowledge of soil l dynamics is
required to complete the Philip heat flow distortion cor-
rection, making it of questionable utility, especially un-
der field conditions. The consistent underestimation of
G observed in dry sand was attributed primarily to ther-
mal contact resistance. Creation of a small air gap on
the plate surface resulted in a significant decrease inGm,
clearly demonstrating the potential consequences of poor
thermal contact resistance at the macroscopic scale.
Application of a thermal heat sink compound to the
plate surface increased Gm by |6% in dry sand but not
in dry clay. Field experiments were also inconclusive, as
the heat sink compound increased Gm by |6.5% in a
moist silt loam soil but this effect was temporary, proba-
bly due to the water solubility of the compound or im-
proved contact with the untreated plates with time. The
benefit of the heat sink compound was small and, given
the transitory effect in the field, problematic for long-
term field installations. Use of a silicone-based heat sink
compound decreased heat flux through the plates, pos-
sibly due to heat flow distortion induced by a layer of
hydrophobic material on the plate surface.
Any correction procedure for thermal contact resis-
tance at soil heat flux plate surfaces in structured soils
will require characterization of soil particle dimensions,
shape, and arrangement at a level of detail that will be
very difficult to achieve for field soils. Fortunately, ther-
mal contact resistance errors are probably ,10% in
moist, medium-textured soils and can be minimized by
careful plate installation that prevents air gaps on the
plate surface. The exact magnitude of contact resistance
errors, however, is very difficult to assess under field
conditions and will probably remain an area of per-
sistent uncertainty.
Heat flow divergence and thermal contact resistance
errors will be minimal if the calibration medium and the
soil in which the plates are buried have similar physical
properties or the plates are calibrated in situ as advo-
cated by Fuchs andHadas (1973). Field calibration, how-
ever, requires an independent and accurate measure of
G using the calorimetric, gradient, or some other tech-
nique (Sauer, 2002). Flux plates are, therefore, often
calibrated in fine sand under controlled conditions but
used in soils of varying texture, density, and water con-
tent with heat flow distortion and contact resistance
errors of varying and unknown magnitude. Further ad-
vances would be required to accurately correct for these
errors under field conditions. Given these limitations
and the lack of straightforward solutions, an increasingly
attractive alternative is to use a different method for
measuring G. Due to recent improvements in sensor
technology and comparative ease of measurement, the
gradient method (Cobos and Baker, 2003) has become
a viable alternative for G measurement.
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